In contrast to photometric transits, whose peak signal occurs at mid-transit due to occultation of the brightest region of the disk, polarimetric transits provide a signal upon ingress and egress due to occultation of the polarized stellar limb. Limb polarization, the bright corollary to limb darkening, arises from the 90
INTRODUCTION
Polarimetry provides a unique, but not yet mainstream, technique for directly extracting information from exoplanets. Observed from afar, starlight scattered by a planetary atmosphere or surface will be polarized and will modulate through the full range in orbital phase angles (e.g., Seager et al. 2000; Stam et al. 2004 ). Repeated observations of the full phase curve require short-period exoplanets, where direct light from the host star dominates. Since scattered light detection of these exoplanets requires instrumental accuracy of 10 −5 , the science of exoplanetary polarimetry has not yet matured (Wiktorowicz & Stam 2015) . Unlike transit photometry and transmission spectroscopy, polarimetry is not biased towards edge-on systems. However, transiting exoplanets allow the most rigorous demonstration of detection, because variability due to the instrument, telescope, sky, interstellar medium, and host star may be assessed during successive secondary eclipses.
An exoplanet also induces a polarimetric signature during transit. Observations of both the Sun (Faurobert et al. 2001; Faurobert & Arnaud 2003) and Algol (Kemp et al. 1983 ) have verified the prediction of stellar limb polarization (Chandrasekhar 1946a,b) . Limb darkening, due to low optical depth and to photon diffusion preferentially in the plane of the sky at the limb, ensures that most photons scattered at the limb do not reach the observer. However, these also ensure that the relatively few limb photons scattered toward the observer will be preferentially polarized tangent to the limb.
Thus, while the largest photometric transit signal ocsloanew@ucolick.org 1 NASA Sagan Fellow curs at mid-transit, the largest polarimetric signal occurs during ingress/egress as the exoplanet occults the stellar limb (Carciofi & Magalhães 2005; Kostogryz et al. 2011 ). This breaks the symmetry of limb-integrated, tangential polarization and introduces net radial polarization typically at the part-per-million level. For spherical stars and exoplanets, the polarization position angle during transit is parallel to the line joining the star-planet centers. Indeed, this position angle rotates with a sense determined by the stellar hemisphere transited. Polarimetric transits and phase curves independently constrain the planet's longitude of the ascending node Ω, which is not measurable from photometric or radial velocity observations. Therefore, mutually consistent constraints on Ω are valuable in validating the technique of exoplanet polarimetry.
Starspots may also introduce a polarimetric signal at the limb, but the projected area of the spot vanishes. Thus, while Berdyugina et al. (2011) model that one large starspot (1% of the area of the stellar disk) provides a polarimetric amplitude of 3 × 10 −6 , the expected amplitude is an order of magnitude lower due to projection effects. In addition, repeated transits sample different starspot conditions, which further mitigate their effect.
In §2, we outline a model permitting evaluation of the expected in-transit stellar polarization, and we discuss its expected variation with respect to key parameters such as R p /R * . We describe unique science afforded by transit polarimetry in §3, and section §4 summarizes our HD 80606b test observations. We provide prospects for improved data quality in §5 and present concluding remarks in §6.
POLARIMETRIC TRANSIT MODEL
2.1. Basic Equations By adopting a numerical approach similar to Carciofi & Magalhães (2005, hereafter CM05) , we model the expected polarization due to an exoplanet transiting a sunlike star as a function of R p /R * . Since disk-integrated linear polarization from a spherical, featureless star is zero, and that polarization position angle is tangent to the limb, net polarization during transit is equal to the fractional circumference occulted by the exoplanet multiplied by the polarization and limb darkened stellar intensity at each radius step along the stellar disk. For exoplanets where R p /R * 1,
Here, P (t) is instantaneous transit polarization, r p (t) is the instantaneous position of the exoplanet center, C(r, t) is the instantaneous path length along the stellar circumference at r that is occulted by the exoplanet, I(r) is the limb-darkened stellar intensity, and P * (r) is the stellar polarization at radius r. For a spherical exoplanet,
Given the nearly constant apparent velocity of the exoplanet across the disk of the star even for eccentric exoplanets (Hébrard et al. 2010, hereafter H10) ,
Here, b is the transit impact parameter, t is the time since mid-transit, and T 14 is the transit duration.
Limb-darkened stellar intensity is given by (Brown et al. 2001; Barnes & Fortney 2003) , where µ = cos θ = cos(arcsin r) is the angle between the observer's line of sight and the normal to the stellar surface. Stellar polarization is modeled as (Fluri & Stenflo 1999) , where P 1 represents the degree of polarization at the limb and k is the inverse of the profile width, which determines how rapidly polarization decreases from the limb to the stellar disk center.
In addition to modeling the degree of polarization P (t) during a transit (Equation 1), we also model polarization position angle. Since stellar polarization is tangential to the limb, the polarization position angle during transit, Θ(t), is equal to the plane-of-sky position angle of the planetary center with respect to the stellar center (Equation 3): 
where C is a constant. Thus, polarization position angle rotates monotonically with time during the transit, and the sense of rotation (clockwise or counterclockwise) depends on the stellar hemisphere that is transited.
Rotation of the observed polarization position angle between first and second contacts is given by the following:
Therefore, HD 80606b is expected to cause polarization rotation by |Θ 2 − Θ 1 | = 16 .
• 21 ± 0 .
• 76 between first and second contacts given b = 0.808 ± 0.007 and R p /R * = 0.1001 ± 0.0006 (H10). While polarimetric measurement of Θ 1 and Θ 2 may in principle constrain b, it is unlikely that this will improve upon the accuracy of photometrically-derived values.
Uniquely, polarimetry provides an estimate of the planet's longitude of the ascending node Ω via 
Figure 1 shows a hypothetical plane-of-sky geometry of the HD 80606 system. The planet's path is indicated by thick black lines, where transit and occultation lines may be reversed due to the inherent ±180
• ambiguity in linear polarization. The Rossiter-McLaughlin effect imparts a significant blue-shift of the system near third contact (H10), so the exoplanet must transit the red-shifted limb of the star during egress. The common proper motion companion HD 80607 (Mugrauer et al. 2006) , which may be responsible for maintaining HD 80606b's high eccentricity via the Kozai mechanism (Wu & Murray 2003) , lies nearly due East of the HD 80606 system. Estimation of Ω assumes a circular cross section for both star and exoplanet, and we briefly discuss the effect of stellar oblateness in §3.1.
Scaling with Planet/Star Radius Ratio
We reproduce the results of CM05 and confirm that polarimetric amplitude during transit is insensitive to impact parameter b for non-grazing transits. Figure 2a shows the relative polarimetric amplitude of a transit versus R p /R * for R p /R * < 0.5 and b = 0. We adopt HD 80606 limb darkening coefficients (Roberts et al. 2013 , c 1 = 0.742 and c 2 = 0.458), as well as 460 nm solar limb polarization profile coefficients (Faurobert et al. 2001 , P 1 = 0.87% and k = 70), because limb polarization is difficult to measure for most stars.
Given the strong dependence of limb polarization profile and wavelength of observation on the polarimetric transit amplitude, we scale to peak polarization ∆P = max[P (t)] during transit in Figure 2a . The power-law exponent n in polarimetric amplitude,
n , is shown in Figure 2b for the best fit to numerical results in the interval [0, R p /R * ]. For hot Jupiters around sunlike stars, R p /R * ≈ 0.1 and polarimetric amplitude scales roughly as ∆P ∝ (R p /R * )
1.75 . This is only slightly shallower than in photometry, where ∆F ∝ (R p /R * )
2 . The polarimetric power-law exponent decreases with increasing planet/star radius ratio up to R p /R * ≈ 0.25, where a χ 2 analysis rejects a power-law fit at the 3σ level. For the sake of illustration, however, the dashed lines in Figure 2b show the best fit power-law exponent for R p /R * 0.25.
To explore the variation produced by markedly different stellar atmospheres, we analyze polarimetric amplitudes for an extremely broad, k = 1 limb polarization profile similar to the prediction for red giants such as Mira (Harrington 1969, CM05) . This has virtually no effect on the relative polarimetric amplitude versus R p /R * (Figure 2a ), although it increases the power-law exponent nearly to n = 2, which is the value for a photometric transit (Figure 2b ). Intuitively, in the limit of an infinitely sharp limb polarization profile, transit polarization scales with the stellar circumference (n = 1). In contrast, the polarimetric amplitude from an extremely broad profile scales with the ratio of areas (n = 2). Late-type stars are expected to harbor a stronger degree of limb polarization P 1 than that of sunlike stars, because molecular condensation in their cooler atmospheres increases the contribution of scattering opacity (Harrington 1969) . This suggests that super Earths orbiting late-type stars may present important targets for future polarimetric transit observations.
For observations where sensitivity scales with photon statistics, such as those in this study ( §4), the SNR of transit polarization scales with the following product: 1) the square root of the total number of stellar photons detected during ingress/egress, and 2) polarization amplitude ∝ (R p /R * ) n . For a given system, the photometric transit duration scales with R * , while the polarimetric duration scales with R p . Thus, for a typical hot Jupiter with a photometric transit duration of a few hours, the polarimetric transit signal will only last roughly one-half hour at each ingress/egress. Planetary ingress/egress duration (the time between first and second or third and fourth contacts) is not always published; however, it may be estimated from the following:
From ingress/egress duration, R p /R * , and apparent stellar magnitude m in the wavelength band of observation, the relative SNR of transit polarization scales with the following:
For k = 70, Figure 2b suggests n = −0.77(R p /R * )+1.80. Table 1 lists the ten most favorable systems for polarimetric transit detection. Here, SNR is calculated for a single transit and does not account for the number of transits observable over a given time period, which modifies SNR by a factor of T −1/2 orb . Additional modifications due to stellar spectral type are expected (Kostogryz & Berdyugina, in preparation) . The hot Jupiters HD 189733b and HD 209458b are highly favorable systems for polarimetric transit detection due to their bright host stars. The highly eccentric HD 80606b has significant radial velocity at transit, which occurs nearly six days after periastron. This lengthens its photometric transit duration to ∼ 12 hours and ingress/egress to ∼ 3 hours (H10). Therefore, the second brightest, spin/orbit misaligned system known (λ = 42
• ± 8 • , H10), HD 80606b is also one of the best candidates for observation of a polarimetric transit. The next most favorable target is WASP-33b, which is also the brightest misaligned system currently known (λ = −108 .
• 02 ± 0 .
• 52, Collier Cameron et al. 2010). The significant oblateness of this host star may be detectable with transit polarimetry.
UNIQUE APPLICATIONS

Stellar Oblateness
Since the rotation of polarization position angle during transit is determined by the morphology of the stellar limb, stellar oblateness may be directly detectable. Bailey et al. (2010) demonstrate that the large degree of polarization of Regulus, with respect to stars with similar parallax, is consistent with its oblate nature as determined by interferometry (McAlister et al. 2005) . However, intrinsic stellar polarization is contaminated by interstellar polarization, which is dependent on heliocentric distance, galactic longitude, and mean ISM grain size along the line of sight. Therefore, stellar polarization is likely only a qualitative estimator of stellar oblateness. We detail a purely geometric estimator that is independent of interstellar polarization.
For spin/orbit alignment (λ = 0
• ), it is trivial to show that the position angle of the stellar limb occulted by the planet upon ingress/egress is given by
Here, stellar oblateness f = 1 − R pole /R equator , where R pole and R equator indicate the stellar polar and equatorial radii, respectively. Occultation of polarization tangent to the limb introduces polarization perpendicular to the limb (i.e., perpendicular to Θ * ). Regardless of oblateness, the rotation of polarization position angle between ingress and egress peaks for b = 1/ √ 2, and this rotation is 90
• for a spherical star (Figure 3a) . The difference in maximum rotation between an oblate and spherical star is nearly linear (Figure 3b ) and is given by
The maximum rotation difference due to stellar oblateness reaches ∆Θ * ≈ 1 • for f = 0.02, which corresponds to the rapidly rotating WASP-33 (v sin I * = 86.29 ± 0.31 km/s: Collier Cameron et al. 2010). Since this is also a high SNR system (Table 1) , we suggest that it be observed with high priority. In contrast, the low stellar v sin I * = 1.7 ± 0.3 km/s for HD 80606 (H10) implies a stellar oblateness of only f = 8 × 10 −6 , which is undetectable with transit polarimetry.
Planetary Dynamics
For highly eccentric exoplanets orbiting one component of a binary system, constraint of Ω determines the orientation of the planet's orbit in the plane of the sky. The addition of astrometric and radial velocity observations of the binary's orbit provides the full space motion of the exoplanet with respect to the binary companion. The efficacy of the Kozai mechanism in perturbation of the planet's eccentricity may then be assessed. As another example, measurement of the interior structure of HAT-P-13b may be obtained if the mutual inclination of the planetary pair can be determined (Batygin et al. 2009; Mardling 2010) . The combination of radial velocity, transit, polarimetric, and astrometric data may generate a fully constrained solution.
OBSERVATIONS
The POLISH2 polarimeter at the Lick Observatory Shane 3-m telescope uses two photoelastic modulators to simultaneously measure Stokes I, Q, U , and V (see Wiktorowicz & Matthews 2008; Wiktorowicz 2009 for the prototype POLISH). Using this system, we obtain B band observations during a transit ingress of HD 80606b (first contact 06:17 UT, February 1, 2013: H10; Shporer et al. 2010; Roberts et al. 2013) . We also obtain 4.9 hours of control data during the previous night to complement the 7.1 hour observation during transit. Each minute of on-star observations is followed by 30 seconds on a sky field for sky subtraction. Every six minutes, we transition between HD 80606 and HD 80607. HD 80607 is a common proper motion companion that is likely bound to HD 80606, ∼ 20 arcsec away (Mugrauer et al. 2006 ). Both stars are of similar spectral type and apparent magnitude, but HD 80607 is not known to harbor an exoplanet. Skysubtracted, Stokes Q and U measurement uncertainties in six-minute bins demonstrate that sensitivity on each star scales as σ Q,U = 1.87/ √ N for N detected photons (Figure 4) . Measurement sensitivity therefore scales with photon statistics but lies 87% from the photon limit. right. Three red, vertical lines during transit indicate first and second contacts and mid-transit. Current data quality does not support conclusive detection, as a constant fit to observations cannot be rejected (χ 2 ν = 0.53, ν = 48). A model with transit-derived properties is shown in blue ( Figure 5) ; however, an amplitude match requires an unphysically large limb polarization (P 1 > 50%) that even a pure scattering atmosphere cannot provide, as max(P 1 ) ∼ 12% (Chandrasekhar 1946a; Fluri & Stenflo 1999) .
ONGOING CONTROL OF SYSTEMATIC EFFECTS
Accuracy in nearly all cutting-edge exoplanetary detection and characterization is dominated by nonGaussian systematic effects, not photon noise. For example, systematic effects of the Earth-trailing Spitzer Space Telescope require reduction by two orders of magnitude to uncover published results (e.g., Knutson et al. 2012; Demory et al. 2013) . Design of POLISH2 for minimal systematic effects requires their suppression by only a factor of a few to achieve accuracy necessary for exoplanet science, even at an historic telescope overlooking a major metropolitan area. Therefore, an advanced polarimeter at a larger, modern telescope (e.g., Keck Observatory) is likely to deliver conclusive detection of a polarimetric transit.
We foresee promising avenues for improvement of POL-ISH2 measurement accuracy: -Unpublished observations of polarized stars suggest that telescope flexure during long observations causes a measurable change in polarization induced by the tele-scope. The amplitude of this effect appears correlated with stellar polarization. While run-averaged polarizations of HD 80606 and HD 806067 are consistent with zero ((Q, U ) HD80606 = (−1.1 ± 3.0, +3.8 ± 3.3) × 10 −5 and (Q, U ) HD80607 = (+2.9 ± 3.2, +2.9 ± 3.5) × 10 −5 ), further modeling of calibrator star data is likely to improve measurement accuracy.
-Since POLISH2's photoelastic modulators are resonant devices, thermal and humidity variations affect instantaneous retardance. This requires a time-variable scaling factor to be applied to polarization measurements. Since we continuously measure the resonant frequency of each PEM, we expect that a physicallymotivated model relating retardance drift to resonant frequency will improve measurement accuracy.
CONCLUSION
We revisit the modeling of polarimetric transits and demonstrate that rotation of observed polarization position angle allows constraint of the planetary longitude of the ascending node Ω. We determine the ten most favorable transiting systems for detection of this effect. The highest priority targets are two well-studied hot Jupiters around bright stars (HD 189733b and HD 209458b), the highly eccentric, misaligned HD 80606b, and the retrograde hot Jupiter orbiting the oblate star WASP-33. The departure of measured polarization position angle rotation with respect to a spherical star may allow a direct measurement of WASP-33 stellar oblateness. Constraint of Ω for HD 80606b may assess the feasibility of the Kozai mechanism in maintaining the planet's extreme eccentricity. For the eccentric HAT-P-13 system, polarimetric transit observations of planet b may be combined with astrometry of the non-transiting brown dwarf c to assess coplanarity. This result will enable constraint of k 2 for the transiting planet, which would constitute a direct physical probe of an exoplanetary interior.
We attempt to observe a single polarimetric ingress of HD 80606b using the POLISH2 polarimeter at the Lick Observatory Shane 3-m telescope, but unmodeled systematic effects currently preclude detection. However, ongoing suppression of systematic effects at the 10 −5 level, due to polarimetric drift of both the telescope and instrument, are expected to refine high sensitivity polarimetry into a reliably powerful technique in exoplanetary science on 8-10m class, ground-based telescopes.
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